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The physical properties of excitons (linewidth, binding energy, oscillator strength, reduced effective
mass) in Ga(j 471n053As/Alo 4&Ino 57As multi-quantum-well heterostructures (MQWH's) as a function
of the well width and thus of the quasi-two-dimensional (2D) character of the respective MQWH
were investigated by absorption and magnetoabsorption experiments. Samples lattice matched to InP
with well widths ranging from 2.3 to 13.8 nm were grown by molecular-beam epitaxy. Double-
crystal x-ray diffraction was used to determine the structural perfection and the individual layer
thicknesses of the MQWH. The intrinsic statistical composition fluctuation of the ternary
Gao 47Ino 53As well material is found to be the dominant contribution to the linewidth of the excitonic
transition, With decreasing well width the binding energy of the electron —heavy-hole exciton in-
creases up to 9+2 meV for a well width of 3.4 nm. Similarly we observe a strong increase of the ex-
citonic oscillator strength and of the reduced effective mass. A quasi-2D carrier system in this
MQWH is realized for well widths of 3 to 5 nm.
I. INTRODUCTION
Quantum-well heterostructures (QWH's) and superlat-
tices (SL's) composed of III-V semiconductors have been
studied in recent years both for their possible application
in advanced photonic devices and for the fundamental
physical properties of quasi-two-dimensional (2D) carrier
systems. QWH's based on the Gao47in053As/InP and
the GaQ 47InQ 53As/AlQ 4&InQ 52As material systems emit in
the near-infrared region at wavelengths around 1.55 and
1.3 pm, which is the optimal wavelength range for
telecommunication systems based on silica fibers. The
composition of the ternary materials are chosen in the
way that they are lattice matched to the InP substrate ma-
terial. In this paper we will focus on the
Gao 471no 53As/Alo 4slno 53As QWH system, which is up
to now almost exclusively grown by molecular-beam epi-
taxy (MBE). The recent improvements in material quali-
ty, which now approaches the quality of the most com-
monly studied GaAs/Al Gat As QWH system, offer
the possibility to investigate the intrinsic electronic prop-
erties of these structures. Excitonic transitions in absorp-
tion measurements have been reported at room tempera-
ture' and even up to 500 K (Ref. 4) for the
GaQ 47II1Q 53As/AlQ 4&InQ 5&As material system. The high
structural perfection of GaQ 47InQ»As/AlQ 48InQ 52As
multi-quantum-well heterostructures (MQWH's) with
respect to chemical homogeneity, interface quality, and
thickness fluctuations has been demonstrated by double-
crystal x-ray diffraction measurements. The first direct
evidence of excitionic recombination has been found in
temperature-dependent photoluminescence and photo-
luminescence excitation spectroscopy experiments.
As yet, important physical parameters including the ex-
citon binding energy, the exciton oscillator strength, or
the effective carrier masses as a function of well width and
thus of the quasi-2D character of
Gao 471nQ 53As/Alo 4s Inc 5&As QWH's have not been
determined. These three parameters are interrelated to
each other because a change in the carrier effective masses
influences
the binding energy and also the oscillator
strength of the excitonic transition. For the
electron —heavy-hole binding energy 8&z different estimates
of B&h —5.7 meV (L, =10 nm) (Ref. 1) and of B&h —16
meV (L, =8 nm) (Ref. 4) have been published. The exci-
ton oscillator strength is not known up to now for the
GaQ 47InQ 53As /AlQ 48InQ 52As material system . The
knowledge of this parameter is important for a possible
application of these QWH s in devices, which make use of
the unique properties of quasi-. 2D excitons. The quantum
confined Stark effect and its device applications as demon-
strated in the GaAs/AI, Ga& As system can be stated
as an example.
We present the results of absorption and magnetoab-
sorption experiments on GaQ 47II1Q 53As/AlQ 48InQ 52As
MQWH's with well widths ranging from 13.8 to 2.3 nm.
The evaluation of these experiments is divided into two
parts. In this paper on excitonic transitions, the physical
properties of excitons in this QWH system, i.e., linewidth,
binding energy, oscillator strength, and reduced effective
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masses, are determined. As structural parameters like the
well width, the chemical homogeneity of the ternary lay-
ers, and fluctuations of these quantities strongly influence
the experimental results, we also give the results of the
structural characterization of our MQWH's by double-
crystal X-ray diffraction experiments. In the companion
article to this work on the subband structure of
Gap 471np 53As/Alp 4~inp 52As MQWH's, the experimen-
tally determined subband spacings are compared to
theoretical calculations using the envelope-function ap-
proximation (EFA). The infiuence of the input parame-
ters in the theory, i.e. , band offsets and carrier effective
masses, are discussed.
This paper is organized as follows. In Sec. II we
present the growth conditions of the
Gap 47Inp 53As/Alp 4slnp 5qAs MQWH's by molecular-
beam epitaxy (MBE), as well as the experimental condi-
tions for the double-crystal x-ray diffraction and the ab-
sorption and magnetoabsorption measurements. The
structural properties of the MQWH's with respect to
chemical and thickness homogeneity and interface quality
and the determination of well and barrier width obtained
by evaluation of double-crystal x-ray diffraction curves are
given in Sec. III. The properties of excitonic transitions
in the Gap 471np 53As/Alp 4slnp 57As MQWH as a function
of the well width and thus of the quasi-2D character are
studied in Sec. IV by use of absorption and magnetoab-
sorption experiments. Section V summarizes our results
on excitonic transitions in Gap 47InQ 53As/Alp48Inp 52As
MQWH's.
II. EXPERIMENT
The growth of the Gap 47InQ 53As/Alp 4&Inp 52As
MQWH's by MBE was performed in a three-chamber
ultrahigh-vacuum (UHV) system for separate sample load-
ing, preparation, and growth. This system is equipped
with an azimuthally rotating substrate holder. The
(100) InP substrates were etched in (3:1:1)
[H2SO4]:[H303]:[H20] and in 0.3% Br&+ CH3OH solu-
tions according to a procedure described by Nishitani and
Kotani. The samples were grown at a substrate tempera-
ture of 570—580 'C under As-stabilized surface recon-
struction. The reference temperature of 500'C was given
by the desorption of the InP oxide. The layer structure
consisted of a periodic sequence of Gap 47Inp 53As/
Alp 4&Inp &2As double layers, which were grown without
any buffer layer directly lattice matched on InP. The lay-
er thicknesses of the different samples are summarized in
Table I (see Sec. III). Special care was taken to keep in-
homogeneities in the ternary epitaxial layers as low as
possible. The individual group-III element effusion cells
were equipped with stable and fine-scaled temperature re-
gulations, which allow us to control the ternary epitaxial
layer composition precisely. The substrate rotation speed
was synchronized to the shutter movement, i.e., an integer
number of rotations per growth time for each constituent
layer, and adjusted to the chosen growth rate of 1 pm/h
(see also Ref. 9). In this way lateral thickness Iluctuations
and periodic composition changes in growth direction of
the constituent ternary Gap 47Inp»As and Alp 48Inp»As
TABLE I. Structural parameters of the investigated
CJap 47Ino. 53As /Alo. 4slnp, 7As MQWH's.
Sample
1
3
4
5
6
7
8
9
10
Periods
200
150
50
70
50
50
50
50
50
50
L, (nm)
2.3
3.4
4.8
8.0
10.3
10.4
10.6
10.6
1 1.2
13.8
Ib (nm)
11.4
1 1.4
21 ~ 7
1 1.4
10.3
10.4
10.6
13.3
11.2
1 1.5
d (nmj
460
510
240
560
515
520
530
530
560
690
compounds are minimized.
The x-ray diffraction measurements were performed
with a computer-controlled double-crystal diffractometer
of high angular resolution. As first monochromator and
collimator for the Cu KG.
&
radiation an asymmetrically
cut Ge(100) crystal was applied. '
Part of the absorption experiments without magnetic
field were made in a Cary-17D apparatus with a large
area focus of 4&&8 mm at sample temperatures of 5 and
300 K. The absorption measurements with magnetic field
were performed in a superconducting, split magnet coil at
magnetic fields up to 10 T at a sample temperature of 2
K. The light of a spectral lamp, dispersed by a 0.5-m
grating monochromator and transmitted through the sam-
ple, was detected by a liquid-nitrogen-cooled PbS detec-
tor.
The absorption coefficient was determined by compar-
ing the transmitted light intensity from a sample with a
Gap 47IIlp 53As/Alp 4&lnp 52As MQWH (I j ) and without
the MQWH epilayer (I~). By definition of the transmis-
sion coefficient we obtain the following relation between
these two quantities:
a =in(I3/I, )/d . (2)
III. STRUCTURAL PROPERTIES
OF Gap 47Ino 53As/Alp 4gInp 5&As MQWH's
Because of the great differences in the physical proper-
ties (lattice constant, band gap, etc. ) of InAs and GaAs
(AIAs), the structural properties of the all-ternary
Gap 471np 53As/Alp 4sInp 57As MQWH's which are lattice
matched to InP for the given compositions, are far more
important for the optical properties of this MQWH sys-
(1—R )
exp( —ad) = A exp( —ad),
1 —R exp( —2ad)
with R being the re(lexion coefficient (0.36), a the absorp-
tion coefficient (10 cm '), and d the total thickness of
the absorbing well layers (0.5 pm). The prefactor A in
Eq. (1) ranges between 0.9 and 1 for the present typical
values, given within parentheses, and is approximated by
unity in the following. Thus the absorption coefficient
takes the form
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where k is the x-ray wavelength and Oz the kinematic
Bragg angle. Any fluctuation of either the period length
or the chemical composition within the epitaxial MQWH
should lead to a broadening of the satellite peaks. In con-
trast, the main epilayer peak reflects the integral structur-
1 - Gao~7lno53 As / Alo~8lno52As MQWH / InP
Lz= 13.8 nm
10 & Lb=11.4 nrn
heo = 0"
h, e ' =740
= 24"
10 2-
O
4)
10-3—
tern than they are in the case of the nearly-lattice-matched
GaAs/Al Gai As material system. Thus, knowledge of
the structural parameters such as the lattice mismatch, in-
terface quality and layer thicknesses, and the fluctuations
of these quantities is an important prerequisite for the
determination of the intrinsic properties of excitonic tran-
sitions and the subband structure in the
Gap 471no 53As /Alp ~sino s2As MQWH system as a func-
tion of the well width and thus of the 2D character of this
MQWH system.
In Fig. 1 we present the x-ray diffraction pattern of a
50-period Gap 471np 53As/Alp 4slnp, &As MQWH taken in
the vicinity of the (400) reflection of InP on a semiloga-
rithmic scale. In this all-ternary MQWH system the pre-
cise strain distribution in the epilayer is not a priori
known, but varies strongly with the composition of the
ternary layers. Using the symmetric (400) reflection we
can monitor the change of the lattice constant perpendicu-
lar to the (100) substrate surface, which is most sensitive
to the lattice mismatch between epilayer and substrate.
The average lattice mismatch of the MQWH to the InP
substrate is obtained from the angular distance between
the substrate and the main epilayer peak by applying
Bragg's equation. For the sample in Fig. 1 the substrate
and the main epilayer peak coincide. Therefore we can
conclude that the average lattice mismatch between the
epitaxial layer and the substrate is zero for this sample.
For the samples investigated here the lattice mismatch to
the InP substrate is in the range of +10
The angular separation 66I—"between the main epitaxi-
al peak and the satellite peaks (+n) determines the period
length T of the respective MQWH (Refs. 3 and 10) ac-
cording to
al quality of the epitaxial layer and is less sensitive to the
thickness and composition inhomogeneities of the indivi-
dual Gao47Ino»As and A1048Ino &2As layers. ' Typical
linewidths of the main epitaxial peak are in the range of
15—25 arc seconds full width at half maximum (FWHM),
depending on the total epitaxial layer thickness. From the
sharpness of the satellite peaks the fluctuations of the
period length can be determined to be less than two
monolayers.
The evaluation of the individual well and barrier
thicknesses from the MQWH period length requires the
knowledge of the growth rates of the two ternary materi-
als. All samples in this study were grown with the one In
effusion cell kept at a constant temperature for both the
Gao 47 Ino 5 3As and Alo gg Ino 52As epitaxial layers. This
ensures that the growth rate of the two ternary materials,
which have the same lattice constant if lattice matched to
InP, are equal. This expected behavior has been verified
by earlier measurements of the epitaxial layer thicknesses
by transmission electron microscopy. " The individual
well and barrier thicknesses can thus be directly deduced
from the period length and the respective growth time
with a precision of about one to two monolayers. The
structural parameters of the investigated samples, which
were evaluated in the described way, are summarized in
Table I, where also the total thickness d of the absorbing
Gao 47 Ino 5 3As well layers is given.
IV. EXCITONIC TRANSITIONS
IN A Gap 47Inp 53As/Alp 4slnp s2As MQWH
The absorption spectra as a function of the photon en-
ergy are shown in Fig. 2 for three Gao 47In{) 53As/
Alp 4sInp s2As MQWH's of diFerent well widths. The
steplike behavior of the absorption coeScient and thus of
the density of states in these quasi-2D structures is clearly
observed. The dependence of the different subband transi-
tions, which are indicated by arrows in Fig. 2, as a func-
tion of the well width will be discussed in the second part
of this work. In the present section we will focus on the
strong resonances at the subband edges, which are as-
signed to discrete excitonic transitions using the results of
magnetoabsorption experiments. The aim of this section
is the determination of the physical properties of these ex-
citonic transitions (linewidth, binding energy, and oscilla-
tor strength) as a function of the well width in the
Gap 47Inp 53As/Alp 4slnp szAs MQWH system.
A. Magnetoabsorption
The application of a magnetic field in the z direction
perpendicular to the well layers leads to a complete
quantization of the electron and hole subband levels in
Landau levels. Assuming a parabolic subband dispersion
in the k„and k~ directions, the allowed energy levels of
the first electron subband take, for example, the form
-2 -1 0 1 2 3
Angle (103 sec of arc) E~=E, +(N+ —,')fm„N =0, 1, . . . (4)
FIG. 1. x-ray dift'rat-tion pattern of a Gao 47Ino 53As/
Alp 4slnp 52As MQWH in the vicinity of the (400) reflection of
InP (Cu Ko.
&
radiation).
with E& being the energy eigenvalue caused by the quanti-
zation in the z direction in the well, A Planck's constant
divided by 2~, and ~, the cyclotron-resonance frequency.
43O4 STOLZ MAAN, ALTARELLI TApF ER, AND PLOOG
GaO&71n0 53 AS /Alo. 48 I"052 AS
Lz = 8.0nm
The allowedd optical transitions (AN =0 be
cavy- o e Landau levels have a transition MQWH
36
~&+ =Ei~+(N + ,')~—B~V ii
with thp&z e reduced effective mass
heavy hole.
've of the electron and
With a lipp cation of a magnetic field t
uum splits into dis
ic ."e exciton contin-
o iscrete excited excitonic
o an au levels and w
be described b f
hich can, therefore
y ree-electron and hole s
transitions between th
e tates. Optical
~ ~
en ese states ex erien
.h f - h.„l'dnie magnetic field acc
contrast, the d'
ording to Eq. (5). In
e iscrete ground-state exci
as long as =Ace
energy ependence on the magnetic field
1 to —h -h 1
y ,/2B i h (( I (B
— o e exciton binding ener
t o ob tio f h g pn o t e ma netic fi
~ ~
e continuum states allow
mination of th b d-e an -edge and the ex
o s a direct deter-
energies and th
e citon-ground-state
us of the exciton bindin
respective MQWH. '
g energy in the
The a~absorption spectra of a G
Alo 4sII1 As MQWH
as a function of th
with a well width of I., =8.0 nm
e wavelength of the i
shown in Fig. 3 at diff
e ncident light are
i erent values of the 1 dapp ie magnetic
11 — 0 47 p 53 S /AI048 In052As MQWHGo In A
T= 5K
10-
Lz =13
E
7
C)
(D
O
C3 5 — 8.0
o
CL
lo
L/l
I
1400 1450
I
1200 1250 1300 1350
Wavelength (nm)
FIG. 3. A~ sorption spectra of a Gao 4 In 0 52
g
e ines serve as a guide to the e e a
fi 1d.e s
n or excitonic transitions at d ff' i erent magnetic
field. The s ecp tra are not corrected
response of the
ed for the spectral
e experimental setup. In ap
s in t e absorption s ecp
o —1450 nm are caused
of water vapor in the
se y absorption
~ ~
e air environment. Th
d t th ol t' f h ption eatures with ma-u ion o t e absor
e energies of these o tical trap'
summarized in Fig. 4 as a
~
or the Ga In
MQWH a . -nm well the electron-
ton binding ener b
n— cavy-hole exci-
rgy can e evaluated to
Th d d ffe e ective mass, which follow
of h of h e continuum transiti g
i e iscussed in the second
work in conjunction th h
part of this
MQWH system.
ion wit t e subband structure of this
0—
l )
700 800 900 1000 1100 1200 1300 1400
Energy (meV)
FIG. 2. Absor tion
[
di t th d bbe su and transitions, takin i
exciton binding energ .er y.
ing nto account the
emiempirical absorption model f 2Dor a system
The 2D absorption model, which we a 1 to i
th b o tio t hspectra in t e ran e of t
MQWH's ' d
nsi ion in Ga In0 47 0 53As/A10 48In As0.52
linewidth and 'llosci ator stren th of
ine t e binding energy,
hole excit h
g t e electron —heavy-
'
on, as een presentedp ed by Iwamura et al. ' for
x ai x As MQWH's. Tllis model
account discrete excitonic transitions th t 1'ke s ep i e varia-
ABSORPTION SPECTROSCOPY ON. . . . I. 4305
Ga0&7In& 53As /Al0&81n052As MQWH
1050-
Lz = 8.0 nm
1000—
950—
C7)
UJ
900—
X X
850 5
e (T)
I
10
FIG. 4. Landau-level fan for a Gao4~Ino q3As/Alp 4gIno. szAs
MQWH as a function of the magnetic field at 2 K.
tion of the 2D density of states, and the excitonsc
enhancement of the continuum absorption, which is de-
scribed by the Sommerfeld factor of an ideal 2D system
iven by Shinada and Sugano. ' The statistical ternary-
alloy structure of the Gao47In053As we11
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mogeneous broadening of the absorption spectra. This
line profile with a broadening parameter I (the FWHM
6I ). In Fi . 5 the theoretical spectra (solid line)
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gy range o e of th 1 west subband transition are shown to-
gether with the experimental absorption spectra
(crosses). e as es . The d hed line represents the 2D model
v -hole exci-th t the contribution of the electron —heavy- e
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C. Linewidth of excitonic transitions
where K =4ao is the density of the group-III elements
in a zinc-blende-type crystal, xo —0.47 the Ga concentra-
tion and dF. /dx =1.08 eV for xo —O. 47, the band-gap
In contrast to the binary GaAs, statistical composition
fluctuations are present in the ternary Ga047Ino»As ma-
terial, which contribute to the linewidth of optical transi-
tions. To evaluate this intrinsic 1inewidth contribution,
we aveh applied the statistical model of Schubert et a . '
to quantum wells composed of ternary Gao 47 no 53 s.
According to this model the statistical contribution to the
exciton linewidth is given by
' 1/2dEg xo( l —xo)
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FIG. 5. Comparison of experimental absorption spectra
(crosses) of three Gao 47InQ $3As/Alo 48Ino 52As M %'H's with
different well widths with the theoretical absorption model (solid
line). The dashed line indicates the theoretical model without
the electron —heavy-hole exciton contribution.
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variation of GaQ47InQ53As (after Ref. 16). The exciton
volume has been corrected for the localization in the po-
tential well to
GGp r7 Inp 53As/Alp I 8inp 52 As — M QW H
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~
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FIG. 6. Linewidth of the exciton resonance in absorption
spectra of a Gao 47In(j $3As/Al&4, In0, 2As MQWH as a function
of the well width. The solid (dashed) line represents the
linewidth due to statistical composition fluctuations in the
Ga0~7Ino 53As well layer, assuming an exciton radius of a30/2
(a 3D ). The dotted line indicates the subband energy shift by
varying the well width by one monolayer.
In Fig. 6 the results of the experimentally detected
linewidths are compared with the theoretically calculated
values. The dashed line represents the theory taking the
3D Bohr radius of 19 nm as the exciton radius in the
well. If we use the exciton radius of an ideal 2D system
(azD —a3D/2), the solid line results from the theory. Be-
cause of the continuous transition from a 3D to 2D sys-
tem as a function of the well width, the intrinsic depen-
dence of the linewidth follows the dashed line for large
well widths (20 nm or greater), while for widths of about
5 nm the solid line should give a better description of the
experimental situation. The comparison of the experi-
mentally detected linewidths shows that the major contri-
bution to the observed linewidths is caused by intrinsic
composition Auctuations of the ternary Gao 47Ino 53As ma-
terial. In this evaluation we have not taken into account
any nonparabolicity of the different bands which would
increase the theoretical linewidth via the corresponding
decrease in the exciton radius, caused by the larger carrier
masses. This result again demonstrates the excellent qual-
ity of our MQWH layers.
In addition to this intrinsic broadening mechanism,
fluctuations of the well width lead to a linewidth broaden-
ing of the excitonic transitions. According to the model
of Singh and Bajaj' the influence of well-width fluctua-
tions depends on the step size and the lateral extent of the
island with respect to the exciton radius in the well layer.
The principal mechanism for this linewidth broadening is
the shift AE of the subband energy with the variation of
the well width AL,
b,E =[d(EII, Es—)/dL, ]bL, .
As an indication for this model the energy shift AE for
AL, =0.29 nm is also shown as a dotted line in Fig. 6.
This energy shift cannot be directly interpreted as a
linewidth, because the microscopic interface structure has
not yet been measured in the Gao 47Ino»As/
Alo 48Ino 52As material system. But this dotted line gives
an indication that large linewidths can result for L, &8
nm, if monolayer fluctuations are present in the MQWH
with a lateral island size which is comparable to the exci-
ton radius.
The linewidths of the exciton resonance at low tempera-
tures, reported by Weiner et al. ' and Kawamura et al.
for the respective MQWH, are comparable or slightly
larger than the values reported here. For the increase of
the exciton linewidth with increasing temperature, caused
by LO-phonon scattering, we observe a similar behavior
as the previously mentioned authors.
D. Exciton binding energy
As mentioned in Sec. IVA, the sharp features in the
absorption spectra (Fig. 2) are due to discrete excitonic
transitions. The ground state of the exciton is lower than
that of the free electron and hole by a small amount (the
exciton binding energy). Due to the confinement of the
exciton inside the well, the electron and hole, orbiting
around each other, lose gradually one degree of freedom.
This happens, of course, when the well width becomes
smaller than the exciton Bohr radius. The loss of a de-
gree of freedom leads to a shrinkage of the wave function
of the exciton in the z direction (due to the confinement),
but also, although to a lesser extent, in the xy plane (due
to the reduction of the kinetic energy of electron and hole
with respect to their mutual attraction). The direct efFect
of this reduced extension of the wave function is an in-
crease in the excitonic oscillator strength (discussed in
Sec. IVE) and an increase in the exciton binding energy.
For very thin layers the exciton is expected to become
completely two-dimensional, which corresponds to a four-
fold increase of its binding energy if an infinite barrier
height is assumed. In the intermediate well-width range,
values between the 3D Rydberg energy A and 4% are ex-
pected.
The binding energies B&q of the electron —heavy-hole ex-
citons in GaQ471nQ 53As/AlQ4sInQ 52As MQWH's, which
result from the magnetoabsorption measurements dis-
cussed in Sec. IVA and from the 2D absorption model,
are presented in Fig. 7 as a function of the well width of
the respective MQWH. The error bars of the binding en-
ergies evaluated by the 2D absorption model follow from
model calculations, in which the exciton binding energy
was kept constant. We then tried to describe the spectral
shape of the absorption coefficient by varying only the
other parameters of the model. Within the error bars the
two methods yield consistent results for the exciton bind-
36 ABSORPTION SPECTROSCOPY ON. . . . I ~ 4307
ing energies. The solid line represent the theoretical exci-
ton binding energies based on a variational calculation in
an infinite potential well, which overestimates the exciton
binding energy because of the infinite barrier height. For
the 3D Rydberg energy we have assumed a value of
% =2.7 meV, following the effective masses given in the
second part of this work. The large values of the experi-
mentally determined exciton binding energy, compared to
the overestimated theoretical values, indicate an increase
in the carrier masses due to nonparabolicity of the con-
duction and valence bands, respectively.
The estimate of the exciton binding energy of 5—6 meV
for a 10-nm MQWH reported by Weiner et al. ' is in ac-
cordance with the results presented here. The estimated
value of 8&h —16 meV for a 7.S-nm MQWH given by
Kawamura et al. , however, is in contradiction to our re-
sults. An exciton binding energy of 16 meV would have
led to a clear distinction between the exciton resonance
and the E&z subband edge for the linewidths observed
here. Obviously, this is not the case for the absorption
spectrum of the 8-nm MQWH shown in Figs. 2 and 5.
E. Excitonic oscillator strength
The oscillator strength determines excitonic transitions
both in the absorption and in the recombination process.
The knowledge of the excitonic oscillator strength is thus
important for an understanding of optical transitions in
MQWH systems. Masumoto et al. ' pointed out that the
excitonic oscillator strength is directly proportional to the
integrated area of the excitonic resonance in the absorp-
tion spectra, which can be determined by using the 2D ab-
sorption model described in Sec. IVB. For a precise
description of the area of the excitonic resonance, see also
Fig. 5. As for the GaAs/Al, Ga1 „As MQWH system'
the absorption coe%cient of the 2D continuum, taken
from Fig. 2 as indicated by the double arrows, is propor-
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X
tional to the inverse of the well width. The integrated area
of the exciton resonance and thus the oscillator strength,
however, shows a much stronger dependence on the well
width. These results for the Gap 47Inp 53As/Alp 48Inp 52As
MQWH system are summarized in Fig. 8. The solid lines
represent the 1/L, dependence both for the integrated
area S in the absorption spectrum and for the continuum
absorption coe%cient, shown in the inset. This strong
enhancement of the oscillator strength of excitonic transi-
tions is caused by different contributions. ' On the one
hand, the exciton wave function shrinks directly due to
the confinement as discussed before. On the other hand,
because of band nonparabolicities the reduced effective
mass of the exciton increases with decreasing well width,
which causes an additional shrinkage of the exciton wave
function. This shrinkage of the exciton wave function and
thus the transition from a 3D to a quasi-2D exciton can be
illustrated by plotting the inverse oscillator strength,
which is directly proportional to the exciton volume, as a
function of the well width (Fig. 9). The solid line in Fig. 9
serves as a guide to the eye. For large well widths, i.e.,
L, & 2a 3D (a 3D —19 nm, 3D-Bohr radius of
Gap 47lno $3As), the exciton remains almost undisturbed in
the well layer. By reducing the well width below this
value the exciton will be squeezed in the z direction by the
Alp 48Inp 52As barrier layers. Initially for L, & a3D, the ex-
citon volume decreases roughly proportional to L, . For
L, =a3D/2 a drastic change in the exciton volume is ob-
served as can be seen from Fig. 9. In this range the exci-
ton wave function has shrinked substantially for the two
reasons mentioned above. Simultaneously with the de-
15—
10~
E
QP
Ch
c
LLI
~ rnagneto absor p t ion
x absorption rneasurernents
(fit with 2-dim. model j
E
O
500—
100—
2—
co
ts
I i 1» I
5 i0
I
15
1
z
t
20
I i a s i ! ~ s» I I ~
5 10 15 20
LZ (nm)
1—
1 I I I I I I I I I I I 1 I 1 I I I
1 5 10 15 20
L, (nm)
FIG. 7. Electron —heavy-hole binding energy B & h in a
Gao 47lno 53As/Ala 4&ln0, 2As MQWH as a function of the well
width. The solid line represents the variational calculation of the
binding energy assuming an infinite barrier height.
z (~~i
FIG. 8. Integrated area S of the electron —heavy-hole exciton
resonance in absorption spectra of a Gao 47Ino 53As/
Alo 4,Ino, 2As MQWH, which is proportional to the exciton os-
cillator strength, as a function of the well width. 1he inset shows
the variation of the continuum absorption coefficient as a func-
tion of the well width L, . The solid lines represent the 1/L,
dependence.
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FICx. 9. Inverse integrated area of the exciton resonance in
the absorption spectra of a Gao 47Ino &~As/Alo 48lno»As
MQWH, which is proportional to the exciton volume, as a func-
tion of the well width. The insets show schematically the exci-
ton extent for L, =4 and 19 nm.
V. CONCLUSION
The excellent structural quality of GaQ 47InQ 53As/
Alp 4sInp s2As MQWH's grown lattice matched to InP by
MBE is confirmed by double-crystal x-ray diffraction ex-
periments. These measurements demonstrate the chemi-
crease of the exciton volume an increase of its binding en-
ergy is observed in the same well-width range. In QWH's
with a well width of L, =a3D/4 ( =4 nm) quasi-2D exci-
tons are realized. The quasi-2D exciton volume is
schematically shown in the left inset of Fig. 9, where the
exciton extent in the x or y direction is much larger than
the well width L, When the well width is further de-
creased to below =2 nm an increasing penetration of the
exciton wave function into the barrier material occurs
which leads again to an increase of the exciton volume. In
the limit of zero well width, this volume reaches the value
of a 3D exciton in the respective barrier material ~
For the well-width range between 20 and 10 nm
(a3D &L, &a3D/2), which is the range for the application
of the quantum confined Stark effect, we assume an in-
crease in the exciton oscillator strength by a factor of 3 to
6 as compared to bulk-type GaQ 47InQ 53As epilayers.
cal homogeneity of the ternary GaQ47InQ 53As well and
the Alp 48InQ 52As barrier layers. Because of the periodic
layer sequence individual layer thicknesses can be evalu-
ated from the appearance of satellite rejections in the
diffraction pattern. Fluctuations of the well width in
these structures are below one to two monolayers. The
precise determination of these structural parameters of
MQWH's, especially in this all-ternary material system, is
the essential prerequisite for the evaluation of the intrinsic
properties of excitonic transitions in GaQ 47InQ 53As/
Alp 4slnp 5&As MQWH's.
Absorption experiments on MQWH's with well widths
down to 2.3 nm clearly demonstrate the steplike variation
of the 2D density of states. The observed resonances at
the subband edges can be assigned to discrete excitonic
transitions by magnetoabsorption experiments. The dom-
inant contribution to the linewidth of these excitonic tran-
sitions is caused by the intrinsic statistical composition
fluctuations of the ternary GaQ47InQ53As well material.
This again demonstrates the high quality of the investigat-
ed Gap 47Inp 53As/Alp ~sInp s2As MQWH's.
The exciton binding energies, determined from the
description of the absorption spectra by a semiempirical
model, agree with the values resulting from magnetoab-
sorption experiments within the experimental error. With
decreasing well width we observe an increase of the exci-
ton binding energy to 9+2 meV for L, =4 nm. For this
well width a quasi-2D system, i.e., exciton extent in the x
and y directions much larger than the well width I,„is
realized. This can be shown by evaluating the excitonic
oscillator strength or the exciton volume, which is inverse-
ly proportional to the oscillator strength, as a function of
the well width. For MQWH's with well widths of 20—10
nm, which are important for application of the quantum
confined Stark effect in novel photonic devices, an in-
crease of the exciton oscillator strength by a factor of
about 3 to 6 is estimated as compared to bulk-type
GaQ 47InQ 53As material.
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